Bone morphogenetic proteins (BMPs) comprise a rapidly expanding subclass of the transforming growth factor-b superfamily. They are known to regulate a diverse range of developmental phenomena including cell differentiation, morphogenesis and apoptosis. In this study, we have isolated a zebrafish homolog of BMP type IB receptor (BMPR-IB) and examined the localization of the transcripts during embryogenesis. Whole-mount in situ hybridization analysis revealed that unlike other type I and type II receptors that mediate BMP signal, it is expressed in developing somite and in mid-hind brain region in a restricted manner. © 1999 Elsevier Science Ireland Ltd. All rights reserved.
Results
BMP ligands such as BMP-2 and BMP-4 are expressed in a temporally and spatially regulated manner during embryogenesis, suggesting that the ligands are utilized for a diverse array of developmental processes (Hemmati-Brivanlou and Thomsen, 1995; Nikaido et al., 1997) . Intracellular signals of these ligands are thought to be mediated through two types of receptor ser/thr kinase, type I and type II. In zebrafish, one type I and one type II receptors acting as receptors for BMP signaling have been identified. By contrast to the ligands, analyses of spatial expression pattern of these receptors including BMPR-IA (Nikaido et al., 1999) and ActRIIs (Nagaso et al., 1999) in zebrafish embryos demonstrated that they are broadly distributed during early embryogenesis. These results suggest that localization of BMP ligands, but not their receptors, is critical to confine the signaling of BMPs. Here we report the isolation of zebrafish BMPR-IB and localization of its transcripts. Using whole-mount in situ hybridization analysis, it is found that BMPR-IB is expressed in a rather restricted manner compared to other BMP receptors in zebrafish embryo.
To isolate cDNAs encoding a type I BMP receptor, we screened a zebrafish gastrula cDNA library using a previously reported mouse BMP receptor IA as a probe (Suzuki et al., 1994) . The deduced amino acid sequence of the isolated cDNA clone contained ten cysteines in the extracellular domain, a putative transmembrane domain, a typical GS domain (SGSGSGLP) and a serine/threonine kinase domain (Fig. 1A) , indicating that the cDNA cloned here encodes a type I receptor for the TGF-b superfamily (Kingsley, 1994) . Also, the comparison of the deduced amino acid sequence corresponding to the kinase domain of this cDNA with that of other type I receptors, showed that it is most closely related to the human BMP receptor IB (Activin receptor-like kinase-6, ALK-6) (Fig. 1B) . Based on these structural similarities, we designated the receptor protein encoded by this cDNA as a zebrafish BMPR-IB. Spatial expression of BMPR-IB throughout embryogenesis was analyzed by whole-mount in situ hybridization. The results are presented in Fig. 2 . Expression of BMPR-IB was first detected at 10 h post-fertilization (hpf) in two regions; anterior neuroectoderm and adaxial cells ( Fig.  2A,B) . Before this stage, signals for BMPR-IB were not detected, although Northern blot analysis detected them in oocyte, blastula and early gastrula (data not shown). As development went on and reached the 12-hpf stage, the expressing region in the anterior neuroectoderm was subdivided into five domains (indicated in Fig. 2C as optic vesicle (ov) and 1-4). To determine the exact position of these BMPR-IB-expressing domains in the anterior neuroectoderm, we performed two-color whole-mount in situ hybridization (Hauptmann and Gerster, 1994 ) using other marker genes as probes. As shown in Fig. 2E , the domain 1 corresponded to the posterior part of the midbrain, because it overlapped the posterior part of the otx-2-expressing domain, which marks forebrain and midbrain (Mori et al., 1994) . The domain 2 was the anterior most of the hindbrain according to the comparison with the pax [zf-b] -expressing domain, which marks the midbrain-hindbrain boundary (Krauss et al., 1991) (Fig. 2F) . Domains 3 and 4 corresponded to the rhombomere 3 and 5, respectively, because krox-20 (Oxtoby and Jowett, 1993) and BMPR-IB marked the same regions (compare Fig. 2G with 2H ). During this period when the anterior expressing region in the neuroectoderm was subdivided, signals for BMPR-IB were detected in the segmented somites (Fig. 2D) . In the adaxial cells expressing BMPR-IB at the earlier stage, signals had already disappeared (Fig. 2D) . Essentially the same expression pattern was confirmed at 26 hpf, but it became more restricted. Putative transmembrane domain is underlined and GS domain existing in the juxtamembrane domain of type I receptor for TGF-b superfamily is boxed. Conserved ten cysteine residues in the extracellular domain and a potential serine/threonine kinase domain are marked with asterisks and arrows, respectively. (B) A phylogenetic tree generated using UPGMA algorithm, illustrating the relationships among the kinase domains of various type I receptor proteins. The length of the two parallel lines connecting the two receptors is proportional to the estimated genetic distances between them. The amino acid sequence identity in the kinase domains of other type I receptors, with that of zebrafish BMPR-IB are shown alongside each receptor name. GenBank Accession numbers of these clones are as follows: human ALK-1, z22533; human ALK-2, z22534; human ALK-3, z22535; human ALK-4, z22536; human ALK-5, L11695; human ALK-6, U89326.
The broad expression domain containing the optic vesicle ( Fig. 2C-H ) was down-regulated during the segmentation period and by the 26-hpf stage, the expression was confined only to the ventral part of the optic cup (Fig. 2J ) and the anterior part of the diencephalon (Fig. 2K) . Also, in the trunk region, signals were no longer detected in the anterior somites (Fig. 2I) .
